and midkine, 4) and therefore being implicated in the regulation of cell growth [5] [6] [7] and differentiation. 8) TGase activity and cellular level of TGase-catalyzed product, e-(g-glutamyl) lysine isopeptide (Gln-Lys) decreased during cell growth. 6, 9) Moreover, Kannagi et al. showed increase of its activity when cell growth was decreased. 8) Also, ornithine decarboxylase (ODC; EC 4.1.1.7) is known to be involved in cell growth and its activity increases rapidly and markedly in regenerating liver after partial hepatectomy. [10] [11] [12] Moreover, endogenous aliphatic polyamines, putrescine (PUT), spermidine (SPD) and spermine (SPM) are produced consequently by ODC from ornithine. PUT, SPD and SPM are also physiological substrates for TGase. 1, 13, 14) Polyamines play important roles in the TGasecatalyzed reaction such as modification of proteins via formation of N-(g-glutamyl) polyamine or bis-(g-glutamyl) polyamine. 1, [13] [14] [15] [16] Therefore, newly synthesized free polyamines could be incorporated into proteins by TGase. The polyamine incorporation could inhibit Gln-Lys bound formation which was primarily catalyzed by TGase. It has been reported that a reciprocal relationship between quantity of the Gln-Lys and growth rate was observed in human carcinoma and chicken embryo cells. 17) In rat liver parenchyma, hepatocytes are classified into periportal hepatocytes (PPH) and perivenous hepatocytes (PVH) according to studies on a zonal difference in function and proliferation. [18] [19] [20] We recently demonstrated the inverse correlation between DNA synthesis and TGase activity in PPH and PVH at 1 d after partial hepatectomy. 21) These results suggest that TGase is one of many factors which are involved in the regulation of DNA synthesis during liver regeneration. However, it has not been clarified how TGase is concerned with the zonal different hepatocyte proliferation after partial hepatectomy. Here, we focused on polyamines as substrates of TGase and glutamyl-lysine or glutamyl-polyamine, TGase-catalyzed products. A potential explanation might be obtained by taking account for a zonal difference in polyamines as physiological substrates of TGase during regeneration of the liver.
In order to elucidate a role of polyamines as substrates of TGase in the differential growth capacities between periportal and perivenous regions of regenerating liver, we investigated the zonal differences in alteration of ODC activity and polyamines, ODC-catalyzed products. -g-glutamyllysine (e-(g-glutamyl) lysine) was purchased from Bachem (Bubendorf, Switzerland). All other reagents were purchased from Nakarai Tesque (Tokyo, Japan).
MATERIALS AND METHODS

Materials
Animals Male Wistar rats weighing 200-230 g (SLC, Hamamatsu, Japan) were kept at a controlled temperature (23Ϯ1°C) under a 12 h light-dark cycle and were maintained with a standard diet and water. All animal experiments were performed in strict accordance with the institutional animal committee's criteria for the care and use of laboratory animals.
Partial Hepatectomy Seventy percent of partial hepatectomy was performed under light ether anesthesia according 24) and obtained by centrifugation (2 min at 50ϫg). The detailed procedure was described in previous report. 21) Measurement of ODC Activity After the digitonin/collagenase perfusion, the cell suspension was homogenized with 9 volumes of ice-cold buffer (0.25 M sucrose, 10 mM Tris, 2 mM EGTA, 1 mM phenylmethylsulfonylfluoride, pH 7.4) by 15 strokes by a loose-fitting Dounce homogenizer. The homogenate was centrifuged at 105000ϫg for 60 min at 4°C. Aliquot of the resultant supernatant was used as cytosol fraction for the ODC assay. Measurement of ODC activity of cytosolic fraction was carried out by using the method of Djurhuus 25) with minor modifications. The detailed procedure was described in previous report. 26) Protein concentration was determined according to the method of Bradford, 27) using bovine serum albumin as a standard.
Measurement of Polyamine Concentrations Free polyamines were obtained from cytosolic fraction. The cytosolic fractions were added with 10% trichloroacetic acid and centrifuged to remove the protein. The contents of free polyamines in the supernatant were analyzed by high pressure liquid chromatography (HPLC, Tosoh) according to the method of Griffin et al. 28) with minor modification. Derivatization reagent was prepared by dissolving 6 mg of anhydrous o-phthalaldehyde in 1 ml of 0.4 M of potassium borate, pH 10.4. This solution was prepared daily and kept on ice. Immediately before use, the reagent was diluted 1 : 1 (v/v) with methanol, and 2-mercaptoethanol was added to a final concentration of 2% (v/v). Polyamines were derivatized with above-mentioned reagent and the fluorescent products were separated on a 250ϫ3.0 mm Zorbax BP-C8 column (GL Sciences) by HPLC using a solvent system [20 mM potassium acetate : tetrahydrofuran, linear gradient from 4 : 1 to 1 : 4] at a flow rate of 0.8 ml/min, within a 23-min period.
Protein-binding polyamines were obtained from particulate fraction. The particulate fractions, precipitates centrifuged at 105000ϫg for 60 min, were prepared according to the method by Kohno et al. 26) with minor modification. The protein-binding polyamine contents were analyzed by HPLC following acid hydrolysis (6 M hydrochloric acid for 16 h at 110°C) of particulate fraction.
Measurement of Gln-Lys The preparation of Gln-Lys containing fraction was carried out by the method of Beninati et al. 13) Gln-Lys contents were determined by HPLC.
RESULTS
Zonal Difference in Gln-Lys Contents between PPH and PVH We measured changes in the amount of e-(g-glutamyl) lysine isopeptide (Gln-Lys) in PPH and PVH during liver regeneration by HPLC, and here showed the DNA synthesis, detected by bromodeoxyuridine (BrdU) incorporation, previously reported (Fig. 1) . 21) Although Gln-Lys contents in two subpopulations were same in initial normal liver, they increased transiently in both subpopulations with a peak at different times. In both subpopulations, Gln-Lys contents transiently increased at 1 d in PVH and 2 d in PPH. Therefore, at 1 d after partial hepatectomy, relative Gln-Lys content in PVH was 2-times higher than that in PPH, and obtained similar results as in the case for the TGase activities which were previously reported. 21) On the other hand, DNA synthesis in both subpopulations increased transiently with a peak at 1 d after partial hepatectomy, and then declined after following. The peaked amount of DNA synthesis in PPH was twice as much as that in PVH.
Zonal Difference in ODC Levels between PPH and PVH We, next, measured changes in ODC activity levels of the cytosolic fraction in PPH and PVH during liver regeneration (Fig. 2) . ODC activity in PPH significantly increased at 1 d following partial hepatectomy, and reached a maximum, 5-times of the normal level, whereas in PVH, slightly increased at 2 d.
Zonal Difference in Free Polyamine Levels between PPH and PVH We also compared the alteration of free polyamine (putrescine (PUT), spermidine (SPD), and spermine (SPM)) levels in cytosolic fraction, ODC-catalyzed products, in PPH and PVH during liver regeneration (Fig. 3) . PUT level remained at a control level and showed a similar pattern between PPH and PVH until 2 d after partial hepatectomy, but at 3 d the content level in PVH slightly increased (panel A). SPD level in PPH significantly increased with a peak at 1 d after partial hepatectomy. Thereafter, it decreased gradually by 3 d. In PVH, its content level increased gradu- ally and reached a plateau at 2 d after partial hepatectomy (panel B). SPM level in PPH slightly increased at 1 d, whereas in PVH, the content was almost of the same level in initial normal liver (panel C).
Zonal Difference in Protein-Binding SPD Levels between PPH and PVH Because dynamic alteration of free polyamine contents observed in SPD of cytosolic fraction (Fig. 3, panel B) , we focused on the effect of SPD on GlnLys cross-linking formation by TGase catalyzed reaction. Therefore, we next measured the protein-binding SPD isolated from the particulate fraction. As shown in Fig. 4 , in PPH, protein-binding SPD also transiently increased with a peak at 1 d after partial hepatectomy and thereafter declined by 3 d, whereas in PVH, gradually declined after following.
DISCUSSION
In the previous study, we have reported that TGase works as a regulator of normal rat liver cell growth. [29] [30] [31] Moreover, we have recently demonstrated the inverse correlation between TGase activity and DNA synthesis in PPH and PVH after partial hepatectomy. 21) ODC is known to be involved in cell growth in regenerating liver after partial hepatectomy. [10] [11] [12] The relationship between TGase and ODC activity must be observed in regenerating liver, since polyamines which are ODC-catalyzed products are good substrates of TGase. Therefore, DNA synthesis in the differential growth capacities between PPH and PVH of regenerating liver may be reciprocally regulated by TGase and ODC. In the present study, we showed the heterogeneity of ODC activity, free polyamines and protein-binding polyamines in PPH and PVH during liver regeneration after partial hepatectomy. Free polyamines are ODC catalyzed products and protein-binding polyamines are TGase catalyzed products. In two subpopulations, the inverse correlation between DNA synthesis and Gln-Lys cross-linking was demonstrated at 1 d after partial hepatectomy. It has been reported that growth control involved a relationship between Gln-Lys cross-linking and cell proliferation. 32, 33) Our present results support such a relationship at least in part. Also, the inverse correlation between Gln-Lys cross-linking and ODC activity in two subpopulations was observed during liver regeneration after partial hepatectomy. Therefore, these results support the hypothesis that cell growth control in PPH and PVH is reciprocally regulated by TGase and ODC.
According to the present data, at 1 d after partial hepatectomy, enhanced ODC activity in PPH may lead to the increased content of free SPD in the subpopulation. Other reports also suggest that SPD and/or SPM, but apparently not PUT are required for liver regeneration. 34) Therefore, SPD in PPH may play important role in the differential growth capacities. PUT and SPD were the potent inhibitor on protein polymerization by inhibition of Gln-Lys cross-linking. 15, 16) Therefore, according to the results presented, at 1 d following hepatectomy up-regulated free SPD, but not PUT and SPM, might inhibit the formation of TGase-catalyzed protein cross-linking. As expected, up-regulation of the Gln-Lys content in PPH was not observed at 1 d after partial hepatectomy.
Although a transiently increase of free SPD in PPH at 1 d following hepatectomy may lead to the increase of proteinbinding SPD formation catalyzed by TGase, relative TGase activity remained the control level. At the point, we think that preexisting TGase catalyzes the formation of proteinbinding SPD to increasing in the free SPD content. Here, protein-binding SPD is considered to be N-(g-glutamyl) SPD since polyamines exist as N-(g-glutamyl) polyamine in rat liver. 13) Taken together, these results suggest that at 1 d after partial hepatectomy, in PPH, inhibition of Gln-Lys cross- N-(g-glutamyl) SPD leads to the increase of DNA synthesis in PPH, whereas in PVH, enhanced formation of Gln-Lys cross-linking leads to the lower DNA synthesis.
However, the inverse correlation between DNA synthesis and Gln-Lys cross-linking formation was not applicable to the data at 2 d after partial hepatectomy. This high Gln-Lys content in PPH at 2 d may correlate with cell differentiation, since it has been reported that TGase and Gln-Lys cross-linking may be essential for cell differentiation. 8, 35) Therefore, PPH may differentiate into PVH phenotype at 2 d after partial hepatectomy.
